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Abstract 

The market for energy production has experienced relevant changes to reach more sustainable characteristics, 

during the last two decades. In this context, residential photovoltaic (PV) system has gained popularity as a practical 

and profitable alternative to complement the electric supply from the grid. In the same line, the seasonal and 

variable nature of PV supply generates an interest in BESS-battery energy storage systems. 

The aim with this thesis is to investigate HEMS-home energy management system for a residential electricity 

production using PV and storage in Sweden. HEMS allows residential customer and producer to sell or buy energy 

to minimize the final electricity bill. The capacity of BESS and the scheduling are optimized by using a proposed 

algorithm. Results gained indicate that factors such as household electricity demand and allocation during the day, 

electricity price, and tariff scheme are the critical variables to consider in the design of the BESS system. Optimal 

battery capacities obtained are within the range of available battery market stock-sizes. However, several of the 

standard battery capacities of the leading manufacturers are oversized for this case. For Swedish context, a BESS 

installation cost below 270 €/kWh generates saving on the annual electricity bill of having BESS in comparison with 

not using BESS. In addition, the daily charge of EV, electric vehicle, was studied to see if a higher demand for 

household electricity could generate an optimal capacity and higher savings.  

Sammanfattning 

Marknaden för energiproduktion har under de senaste två decennierna genomgått förändringar för att bli mer 

hållbar. I detta sammanhang har solcell-system eller photovoltaic, PV för elproduktion i bostäder blivit ett praktiskt 

och lönsamt alternativ för att komplettera elförsörjning från elnätet. Solcellernas produktion är dock 

säsongsbetonad och varierar även över dygnet varför system för lagring av el i batterier s.k. BESS blir intressant. 

Syftet med denna uppsats är att undersöka HEMS, ett hushålls system för hantering av el-generering med solceller 

och batterilagring i Sverige. HEMS tillåter bostadskunder och producent att sälja och köpa el för att minimera den 

slutliga elräkningen. Kapaciteten för BESS och schemaläggning optimeras med hjälp av en föreslagen algoritm. De 

uppnådda resultaten tyder på att faktorer som efterfrågan på hushållsel och fördelning under dagen, elpriset och 

systemen för taxa är de kritiska variablerna att beakta vid utformningen av BESS. Optimal batterikapacitet som 

uppnåtts ligger inom området för, på marknaden, tillgängliga batteristorlekar. Flera av de vanligaste batteriernas 

kapacitet, hos de ledande tillverkarna, är dock överdimensionerade.  

För svenska sammanhang genererar en BESS-installationskostnad under 270 € / kWh besparingar på den årliga 

elräkningen i jämförelse med att inte använda BESS. Som tillägg studerades daglig laddning av en elbil för att se om 

ett större elbehov kunde generera en mer optimal kapacitet och än större besparingar. 
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Notation 

The following abbreviations and acronyms are used in this text. 

Abbreviation/ 

Acronym 

Meaning 

BESS Battery Energy Storage System 

DHC District Heating and Cooling 

DOD Depth of Discharge 

EV Electric Vehicle 

HEMS Home Energy Management System 

HPU Heat Pump Unit 

LCOE Levelized Cost of Energy 

NMC  Nickel Manganese Cobalt 

PV Photovoltaic 

RE Renewable Energy 

SOC State of Charge 
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1  
Introduction 

In this Chapter the general purpose and motivation of this thesis are presented. 

1.1  BACKGROUND 

The market for energy production has experienced relevant changes to reach more sustainable characteristics, 

during the last two decades. Internal environmental policies and international agreements have encouraged in 

several countries the use of renewable energies (RE) as a solution to build a more sustainable energy matrix. During 

the 2016, for instance, the 19% and 28% of electricity production in Sweden and Germany came from renewables 

energies (excluding hydro) [1]. 

In recent years, residential photovoltaic (PV) system has gained popularity as a practical and economical alternative 

to complement the electric supply of the grid. The levelized cost of energy (LCOE) of PV residential in Germany has 

decreased from 0.58 USD/kWh (0.5 €/kWh) in 2006 to 0.2 USD/kWh (0.17 €/kWh) in 2014 [2]. These values depict 

a 65% reduction, and it has been a driven reason for the growth of PV installed capacity. 

The seasonal and variable nature of PV energy supply generates the interest on the battery energy storage systems 

(BESS). Battery prices have also experience drops from 2000 USD/kWh (1720 €/kWh) in 2009 to 600 USD/kWh (516 

€/kWh) in 2014 [3]. These values represent a 70% reduction on a six years period. 

Having a coordinated operation between BESS, PV electricity production and home electricity demand could 

generate relevant savings on the final customer electricity bill. 

1.2  AIM 

The aim of this thesis is to investigate a home energy management system (HEMS) over residential PV electricity 

production and storage. HEMS allows residential customer and producer to sell or buy energy to minimize the final 

electricity bill.  

The goal of the project is to generate an algorithm to optimize the BESS capacity and scheduling for the current and 

future electricity prices in Sweden. 
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1.3  RESEARCH QUESTIONS 

• Is it currently profitable a small scale system on a detached household with PV system and BEES?, If not, where 

is estimated to be profitable?. 

• How is the BESS design influenced by different pricing scheme of electricity? Is flat tariff the only available option? 

• What influence could have over BESS optimal parameters the massification of new electronic appliances on 

household such as heat pump units and electric vehicles (EV)? 

1.4  OUTLINE 

Chapter 2 details the theoretical background that gives support to the calculations of electricity PV production and 

electricity household consumption. Additionally, in this Chapter it is described the actual context of energy and 

battery storage regarding technology and prices. Chapter 3 describes the methodology behind the generation of 

the optimisation algorithm. The former includes the logical and mathematical consideration behind the modelling. 

Chapter 4 presents the selected results of this study. Chapter 5 discusses in details the result obtained, the possible 

causes and the implications. The Chapter 6 summaries the main conclusions of this work. 
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2  
Theory 

This Chapter describes the theoretical background behind the calculations and the construction of the model. 

2.1  GLOBAL ENERGY PRODUCTION 

Fossil fuels are the critical component of the current energy production market, based on coal, oil and natural gas 

extraction. During 2017, about 80% of the global energy production was based on fossil fuels as shown in Figure 

2.1. This share implies that any variation on price or availability of the crude oil produces significant variations on 

the price of energy.  Another relevant consideration is the depletion of fossil fuel reserves in the near future.  The 

high number of variables involved makes complicated to predict an exact date of fossil fuel depletion. However, 

some authors predict the depletion in about 40 years for natural gas and crude oil and 100 years for coal [4]. 

 

Figure 2.1: Energy production share on 2017 [5] 

In parallel, energy production based on fossil fuel is also related with the global warming effect, particle pollution, 

and acidification. These reasons have increased the interest in finding sustainable sources of energy production as 

renewable energies. In this context, Paris Climate Agreement of 2015 has been the most relevant effort made for 

countries to control the global warming effect. The protocol sets a series of restrictive guidelines, in order to reduce 

the global warming effect at the year 2020, by holding the average temperature increase to below 2°C and pursue 

efforts to keep warming below 1.5°C above pre-industrial levels. Countries must set mitigation targets from 2020 

and review every five years. Also, financial and technological must be provided to help developing countries to 

implement the Agreement [6]. These factors have increased the interest and pushed the market to find affordable 

technical solutions on renewable energies. 

2.2  RENEWABLE ENERGIES 

Renewable energies are defined as energy resources that are inexhaustible within the horizon of humanity. They 

are usually divided on solar-related (thermal and PV solar, wind, hydro, wave); and non-solar related (tidal and 

geothermal).  
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Elevated Cost of Energy LCOE used to be the most critical variable avoiding the expansion of renewable energy 

development. This problem has been overcome by a significant drop in prices in the last decade. Solar PV crystalline 

technology, for instance, reduced its total price from 3.8 USD/Watts (3.3 €/Watts) in the year 2009 to 0.8 USD/Watts 

(0.68 €/Watts) in the year 2014 as shown in Figure 2.2. 

 

Figure 2.2: PV solar crystalline technology prices in USD/Watt. [7] 

2.3  ELECTRICITY DEMAND 

Electricity demand or load is a central parameter in the design of power distribution grid. The quality and stability 

of the network is given for the characteristics of the loads and sources of electricity. Industrial, commercial and 

residential customers give the total electricity demand of the grid. During the year 2013, the total share of 

residential customer reached about 37% of the total electricity consumption in the United States of America (USA) 

as shown in Figure 2.3.  

Residential electricity demand is divided into space heating and cooling, water heating, cold appliances (freezer), 

washing and drying, and other household devices.  

In [9] was presented the annual average consumption and the share for type of appliance of Swedish dwelling. Data 

was collected from the metering campaign of more than 400 household. Andersen [10] proposed hourly demand 

model derived from 4500 Danish dwelling. More details of this modelling are in Appendix A. 
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Figure 2.3: Electricity consumption by sector during the year 2013 in the USA. Source EPA [8] 

2.4  SOLAR PV ENERGY  

Photovoltaics energy is the direct conversion of sunlight into electricity at the atomic level. Some materials exhibit 

a property known as the photoelectric effect that causes them to absorb photons of light and release electrons. 

When these free electrons are captured into a solar cell, an electric current results that can be used as electricity 

[11]. High abundance on earth, low price and acceptable performance make silicon the most common use material 

for solar cell. This project considers crystalline silicon module First Solar Series 4TM. The electricity production is 

calculated using the temperature coefficient model as described by Volker [12] , and using the parameters of Solar 

First Data Sheet. 

𝑃𝑃𝑉 = 𝜂𝐸𝐴(1 + 𝛼𝑝(𝑇 − 𝑇𝑠𝑡)) (1) 

 

Where Ƞ is the cell efficient of 21%, αp is the temperature coefficient of the cell of -0.31%, A is the cell area of 20 m, 

E is the solar irradiance, T is the instant temperature of the cell and Tst is the ambient temperature. 

2.5  ELECTRICAL ENERGY STORAGE SYSTEMS (EES) 

The rapid expansion of renewable energies in the last decade has increased the EES relevance in energy systems. 

EES has been extensively studied as one solution to deal with interment supply of electricity. Moreover, a significant 

percentage of the global demand is expected to be met through the widespread supply of renewable electricity in 

the near future [13]. However, the allowed amount of renewable electricity connected to the grid may be limited 

to maintain the operational characteristics of the power grid [14] . This condition of the RE represents a substantial 

limitation on the electricity production. Additionally, RE depend on weather conditions and cannot be dispatched 

as required. In this context, EES has the capacity to absorb the variability of renewable energy production [15]. 
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Several types of storage energy systems have been used depending on the nature and characteristics of the source 

of energy. The types of EES could be classified by the means [16]: 

• Mechanical Energy Storage: Pumped Hydro Storage (PHS), Compressed Air Energy Storage (CAES), Flywheel 

Energy Storage (FES). 

• Electrochemical storage systems: Secondary batteries (lead acid, lithium ion, NiMH), Flow batteries. 

• Chemical energy storage (hydrogen). 

• Electrical (magnetic coils). 

• Thermal (molten salts). 

An electrical storage system includes the possibility of importing electricity from the power grid into the storage 

system. Electricity is stored when prices are low (off peak) to be utilized when prices are high (on peak) [13]. 

2.5.1  SECONDARY RECHARGABLE BATTERIES 

A secondary or rechargeable battery can be charged, discharged into a load, and recharged as many times within 

the life cycle. Several types of these batteries are currently being used in industry. Most of these technologies are 

mature for industry and residential uses. Each type of battery contains diverse proportions of materials which 

deliver different properties to each technology as size, weight, life (cycles) and price. Parameters such as energy 

density, life, efficiency maintenance, space, weight and cost are considered in the technology selection [17]. 

Nowadays, lead acid and lithium ion are the most widely used chemistry technologies. Lead acid is used on mobile 

and stationary applications and has an expected life of 6-10 years which equals about 1 500 cycles. It is a well-proven 

technology at a low price. On the other hand, lithium-ion technology is less than 40 years old, and it is recognized 

in electronics and transportation industries [18]. Li-ion battery has a high ‘energy-to-weight’ ratio and low self-

discharge losses [19], it has a cycle life of 10 000 and higher efficiency compared to all other battery technologies. 

Another important fact is that the most dramatic cost developments have been observed for lithium-ion technology 

as shown in Figure 2.4. The price drop has been driven by policies to deploy the technology in the electricity sector 

and EV market [17]. 

2.5.2  BATTERY PRICES 

Several price ranges have be observed in the literature according to battery chemistry and brand. Wu [21] 

considered a battery price range from 60-203 USD/kWh (51-175 €/kWh) excluding inverter, and additionally 500-

1000 USD/kW (430-860 €/kW) for the inverter/charger. The Tesla Powerwall II unit, specially designed for residential 

PV applications, has a price of 5900 USD (5075 €) for the 13.5 kWh unit, which includes inverter/charger [22]. 

According to Tesla, the overall installed unit could be considered on 7000 USD (6020 €). This equals a unitary price 

of 427 €/kWh. Additionally, the report of battery storage prices of IRENA [20] shows for the lithium nickel 

manganese cobalt oxide (NMC) technology a current price of 330 €/kWh and an expected future price around 130 

kWh for the year 2030. This number depicts a 60% reduction as shown in Figure 2.1. 
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Figure 2.4: Utility application prices development on batteries. Source IRENA Electricity Storage Cost 2017 [20] 

2.5.3  BATTERY DEGRADATION 

Battery degradation is the percentage loss on the design (maximum) capacity of the battery. The importance of this 

effect is that battery maximum capacity will be decreasing along time and use. Literature [23] describes two distinct 

degradation mechanism, the shelf or calendar degradation and cycle degradation. Shelf degradation corresponds 

to the normal corrosion process, which is independent of its cycling behaviour, and thus regarded as a constant. 

Cycle degradation depends on the cycling regime, given by minimum and maximum state of charge within battery 

operates typically. Common industry and literature recommendation is to operate between 20%-80% of the state 

of charge of the battery (SOC) [21] [24]. State of charge of battery corresponds to the instant charging state ratio 

with the maximum capacity. Others authors also refers usually to DOD or depth of discharge which equals to (1-

SOC). 

2.6  ELECTRICAL GRID ON SWEDEN 

Swedish electricity national grid is managed by Svenska kraftnät (Swedish power net) which is in charge of balancing 

the production and consumption of electricity at each moment. Sweden is divided into four bidding areas from 

bidding area Lulea SE1 in the north to bidding area Malmö SE4 in the south. The price of electricity in each bidding 

area is determined by the supply and demand of electricity, and transmission capacity between bidding areas [25]. 

The marketplace for the trading of electricity in the Nordic power market is Nord Pool, which has a spot market for 

trading electricity per hour for delivery the next day.  

2.7  ELECTRICITY PRICE 

Final price of electricity for the residential customer in Sweden is formed by two parts: fixed and variables cost [26]. 

Fixed cost are related to subscription fee depending on the size of the household. 

Four tariffs are considered in this study: 

 A flat tariff of 130 €/MWh associated with customers with high electricity demand (HPU electricity 

demand). 
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 A flat tariff of 180 €/MWh associated with customers with lower electricity demand (DHC electricity 

demand). 

 A time of use (TOU) tariff variable depending the time of the day and moving around 130 €/MWh, as is 

shown in Figure 2.5. This price is associated with customers with high electricity demand (HPU electricity 

demand). 

 A time of use (TOU) tariff variable depending the time of the day and moving around 180 €/MWh, as is 

shown in Figure 2.5. This price is associated with customers with high electricity demand (DHC electricity 

demand). 

 

Figure 2.5: Electricity prices for buying electricity with TOU tariff 

These prices are final customer price including electricity cost, transmission and taxes. In Sweden, the benefit for 

kWh produced by the PV system and fed into the grid is materialized on a tax credit over the electricity bill. Currently, 

the tax credit is 60 €/MWh for renewable electricity fed into the grid [27].  

Currently, most of the residential customers in Sweden have a contract of flat tariff with the electricity company, 

which implies the same price of electricity regardless of the time of the day. 

2.8  DEMAND RESPONSE AND HOME MANAGEMENT SYSTEMS 

Home energy management system (HEMS) is any technique, method, or control strategy that can manage energy 

consumption in the home for increasing the efficiency and controllability of energy. In order to avoid power demand 

peak, HEMS has emerged as a crucial alternative in modern societies, smart cities, and smart homes [28]. The HEMS 

optimizes the energy usage by informing the customer on a live basis of their corresponding consumption rates. 

Utility companies have higher electric charges during peak periods, so the smart grid emphasizes off-peak energy 

consumption. 

On the other hand, demand response (DR) is defined as the changes in the regular consumption electric usage 

patterns (by demand-side) in response to changes in the price of electricity over time [29]. Inducing lower electricity 

use at times of high wholesale market prices is another reason for using demand response. HEMS allows the use of 

DR strategies on a household level. 
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2.9  BATTERY OPTIMIZATION MODELS 

Different approaches have been explored on the design of residential BESS and HEMS. Lorenzi et al. [24] compared 

the potential of storage in batteries versus demand response strategies for electricity bill reduction in the residential 

sector. This study considers the control of domestic hot water production through a smart electric boiler. 

BESS modelling have been solved using mathematical optimization approaches as Linear Programming (LP) [24], 

mixed-integer linear programming (MILP) [30], dynamic programming (DP) [31], adaptive dynamic programming 

(ADP) [32], and stochastic dynamic programming (SDP) [33]. Some studies have considered a 24 hours horizon for 

optimization of battery storage while other studies have considered 365 days. 
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3  
Methodology 

3.1  SYSTEM DESCRIPTION 

The mathematical modelling of the problem is performed using a Mixed Integer Linear Programming (MILP) which 

utilized binary decision variable on the definition of the objective function. This approach allows modelling the 

discrete nature of the decision of either buying or selling electricity from and to the grid. This problem is solved as 

a linear programming and it was programmed on the commercial software CPLEX, especially designed for 

optimization problems and based on C++ language. Optimization problem is defined by objective function and 

constraints described as follows and is summarized in Figure 3.1. 

1. Objective Function: Annual electricity bill, which corresponds to the sum of electricity bought from the grid, 

electricity sold to the grid, and the annualized cost of BESS. 

2. Decision variables: optimal battery capacity Qeap, battery charge or discharge power at each hour of the day 

Pb[t], and battery state of charge (SOC) for every time of the day Eb[t]. 

 

Figure 3.1: Modelling of the optimization algorithm 

The optimization algorithm works as HEMS communicating and commanding the electronic devices of the house as 

described in Figure 3.2. The proposed algorithm allows that the PV electricity produced at each hour of the day 

could be sold, stored or used for household demand, depending on the most favorable decision. The system decides 

if battery charge or the grid fulfil electricity demand of the house. Additionally, the battery could be charged from 

the grid when algorithm considers necessary. 
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Figure 3.2: Diagram of PV-BESS system operation 

The optimization aims to minimize the total electricity bill for the customer. This total cost considers the annual 

payment for electricity bill and the cost of battery storage system. The function to minimize the total annual 

electricity cost is shown in equation (2). 

𝐶𝑡_𝑎𝑛𝑛𝑢𝑎𝑙 = 𝐶𝑔𝑟𝑖𝑑_𝑎 + 𝐶𝑏𝑎𝑡𝑡𝑒𝑟𝑦_𝑎 (2) 

 

Where 𝐶𝑔𝑟𝑖𝑑_𝑎 is the annual payment to the electricity company, defined in equation 3 and reformulated in equation 

4. The variable 𝐶𝑏𝑎𝑡𝑡𝑒𝑟𝑦_𝑎  is the annualized investment of BESS, defined in equation 5. 

𝐶𝑔𝑟𝑖𝑑_𝑎 = (
365

6
) ∑  (𝑃𝑑𝑒𝑓(𝑡)+𝑃𝑏(𝑡)𝑃𝑔𝑠(𝑡))𝑃𝑟𝑔𝑟𝑖𝑑(𝑡) ∗ +

𝑇

𝑡=1

𝑃𝑏(𝑡)(1 − 𝑃𝑔𝑠(𝑡))𝑃𝑠𝑒𝑙𝑙(𝑡) (3) 

𝐶𝑔𝑟𝑖𝑑_𝑎 = (
365

6
) ∑(𝑃𝑑𝑒𝑓(𝑡) + 𝐶𝑏(𝑡))𝑃𝑟𝑔𝑟𝑖𝑑(𝑡) +

𝑇

𝑡=1

(𝑃𝑏(𝑡) − 𝐶𝑏(𝑡))𝑃𝑠𝑒𝑙𝑙 (𝑡) (4) 

𝐶𝑏𝑎𝑡𝑡𝑒𝑟𝑦𝑎
= 𝑄𝑒𝑎𝑝 ∗ 𝐶𝐵𝐸𝑆𝑆 (5) 

 

The variable 𝑃𝑑𝑒𝑓(𝑡) is the difference between the electricity demand and the PV production at hour t; 𝑃𝑑𝑒𝑓(𝑡) =

𝑃𝑑𝑒𝑚(𝑡) − 𝑃𝑝𝑣(𝑡) when 𝑃𝑑𝑒𝑚(𝑡) > 𝑃𝑝𝑣(𝑡) and zero when 𝑃𝑑𝑒𝑚(𝑡) > 𝑃𝑝𝑣 < 𝑃𝑝𝑣(𝑡). The 365/6 factor is considered due to 

the model simulated a time horizon of one year using the data of six representative days of the year. Each day has the 

average values of two months.  

The variable 𝑃𝑏(𝑡) could be either positive (battery charging from the grid) or negative (battery discharging to the house 

demand or to the grid). Battery power is limited to the maximum 𝑃𝑏𝑎𝑡_𝑚𝑎𝑥  which could be a battery design limitation or 

a grid maximum acceptable power feeding.  
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The algorithm requires the creation of two auxiliary binary decision variables 𝐶𝑏(𝑡) and 𝑃𝑔𝑠(𝑡). The variable 𝑃𝑔𝑠(𝑡) 

indicates if there is electricity from the BESS to the grid as shown in equation 6. This characteristic of the model allows 

managing a different price of buying and selling electricity to the grid which transform the presented formulation in a 

novel algorithm. The totality of models reviewed in literature do not deal with this relevant issue and operate with same 

buying and selling price. The variable 𝐶𝑏(𝑡) is created to be able to operate with a convex (linear) optimization model. 

CPLEX does not allow the multiplication of integer and binary variable. For this reason, the proposed model deals with 

the inconvenient defining 𝐶𝑏(𝑡) as is described in equation 7. The variables 𝑃𝑟𝑔𝑟𝑖𝑑(𝑡) and 𝑃𝑠𝑒𝑙𝑙(𝑡) are the electricity 

price in €/kWh for buying and selling, respectively. In equation 4, the variable 𝑄𝑒𝑎𝑝  is the battery capacity in [kWh] and 

𝐶𝐵𝐸𝑆𝑆 is the cost of BESS [€/kWh]. 

𝑃𝑔𝑠(𝑡) = {
1, 𝑠𝑦𝑠𝑡𝑒𝑚 𝑖𝑠 𝑛𝑜𝑡 𝑠𝑒𝑙𝑙𝑖𝑛𝑔 𝑒𝑛𝑒𝑟𝑔𝑦 𝑡𝑜 𝑔𝑟𝑖𝑑
0, 𝑠𝑦𝑠𝑡𝑒𝑚 𝑖𝑠 𝑠𝑒𝑙𝑙𝑖𝑛𝑔 𝑡𝑜 𝑡ℎ𝑒 𝑔𝑟𝑖𝑑 

 (6) 

𝐶𝑏(𝑡) = {
𝑃𝑏(𝑡), 𝑖𝑓 𝑃𝑔𝑠(𝑡) = 1

0, 𝑖𝑓 𝑃𝑔𝑠(𝑡) = 0
 (7) 

 

The rest of the constraints are presented in equations 8, 9, 10, 11 and 12. Equation 8 defines that the charge of the 

battery for a time t is the charge on the time (t-1) plus the battery charge/discharge, and plus the eventual PV 

surplus production 𝑃𝑠𝑢𝑟𝑝𝑙𝑢𝑠(𝑡). Equation 9 constraints the SOC of the battery to a minimum and maximum. 

Equation 10 constrains the cycle battery degradation 𝐷𝐺𝑐𝑦to be lower than the shelf battery degradation 𝐷𝐺𝑠ℎ𝑒𝑙𝑓. 

Equation 11 defines the allowed values for battery charge and discharge. Equation 12 constraints the maximum 

value of the battery power. 

𝐸𝑏(𝑡) = 𝐸𝑏(𝑡 − 1) + 𝑃𝑏(𝑡 − 1) + 𝑃𝑠𝑢𝑟𝑝𝑙𝑢𝑠(𝑡 − 1) (8) 

𝑆𝑂𝐶𝑚𝑖𝑛 ≤ 𝐸𝑏(𝑡) ≤ 𝑆𝑂𝐶𝑚𝑎𝑥  (9) 

𝐷𝐺𝑐𝑦 ≤ 𝐷𝐺𝑠ℎ𝑒𝑙𝑓 (10) 

𝑃𝑔𝑠(𝑡) = {
1, 𝑃𝑏(𝑡) = −𝑃𝑑𝑒𝑓(𝑡) 𝑜𝑟  𝑃𝑏(𝑡) > 0

0, 𝑃𝑏(𝑡) > 0 
 (11) 

𝑃𝑏(𝑡) ≤ 𝑃𝑏𝑎𝑡_𝑚𝑎𝑥  (12) 

 

3.2  ELECTRICITY DEMAND AND PRODUCTION 

Electricity household demand and PV production were calculated for a six days horizon. Each day contains the 

average of two months of the year. This approach allows considering a diverse electricity consumption and 

production pattern for a representative model of the whole year. The resolution of six days was an empirical 

consideration given by software capacity. Both electricity demand and PV generation were calculated using software 

MS EXCEL. More details can be found in Appendix A. 

Figure 3.4 shows the electricity demand estimation. Electricity demand was model on an hourly basis using the 

equation proposed by Anderson [10] and described in section 2.3 .Two electricity demand pattern are proposed in 

this study:  

1. DHC electricity demand: single-family house with district heating and cooling system (DHC) (space heating 

and cooling, and water heating are non-electric). 
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2. HPU electricity demand: single family house with heap pump unit HPU (space heating and cooling, and 

water heating used electricity indirectly). 

The annual electricity consumption for each type of house is shown in Table 3.1, and the allocation per type of 

appliance is shown in Figure 3.3. 

Table 3.1: Annual energy consumption for a single family house [9] 

Electricity Demand Pattern Average annual electricity consumption [kWh] 

DHC 4100 

HPU 8400 

 

 

Figure 3.3: Load distribution for single family house depending on space and water heating system used. 

Figure 3.4 data show that there is an electricity load peak between 18:00-19:00, and a second peak in the morning 

related to the time people leave to work. As could be expected, winter month present a much higher electricity 

consumption associated with space heating either for DHC or HPU household demand. For the household with DHC 

demand the winter consumption is also higher related to the amount of time people stay indoors during these 

months. Figure 3.5 shows the hourly PV electricity generation which was calculated with the equation described in 

the section 2.4  

 

Figure 3.4: Average bimonthly electricity demand for two types of household demand. 
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Figure 3.5: Average bimonthly PV production for three locations in Sweden. 

3.3  BATTERY PARAMETERS 

A summary of the parameters utilized on this study is shown in Table 3.2. 

Table 3.2: BESS Design Parameters 

Battery Chemistry Lithium ion NMC 

Installation Cost, BESScost [€/kWh]   100-350 

SOC min 20% 

SOC max 90% 

Warranty [years] 10 years 

Battery Cycles 15 000 

Calendar degradation [% daily] 0.027% 
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4  
Results  

This Chapter presents the selected results from the simulations. The implemented algorithm calculates the following 

parameters: 

 Optimal battery capacity Qeap [kWh], 

 Optimal charge/discharge power of the battery for each hour Pb [kW] 

 SOC of the battery for each hour [%] 

Most of the calculations and sensibility analysis were performed over the base case described in Table 4.1. For more 

information see Chapter 2 and 3. The analysis performed considering different conditions are explicitly mentioned. 

Table 4.1: Parameters of base case 

PV production Malmö (annual energy production of 4400 kWh) 

Electricity demand 4000 kWh/year (DHC electricity demand) 

Tariff scheme Flat, 180 [€/MWh] 

Battery Price 250 [€/kWh] 

Selling price 60 [€/MWh] 

 

4.1  BATTERY INSTALLATION COST SENSIBILITY 

The model was run using different BESS installation cost over the base case on the range from 100 €/kWh to 350 

€/kWh. This range is considered as the expected cost at year 2030 and the current. 

Table 4.2: Effect of BESS installation cost on optimal battery size. 

BESS installation cost [€/kWh] 100 150 200 250 300 350 

Optimal Battery Capacity Qeap [kWh] 7.50 6.45 5.76 2.25 2.25 2.25 

Annual Electricity bill [€/year] 193.99 228.25 258.02 274.64 285.87 297.11 

 

In Table 4.2 is shown the optimal battery capacities between 2.25 kWh to 7.5 kWh. The results matches the capacity 

of a wide range of battery available on the market. For higher BESS installation cost, 250-350 €/kWh, the optimal 

battery capacity remains equal. For installation cost below 250 €/kWh the optimal battery size increases from the 

initial 2.25 kWh up to 7.5 kWh as shown in Figure 4.1.  
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Subsequently, it was calculated the electricity bill for the proposed BESS and the situation without non-BESS. In the 

latter case, no limitation of power feed into the grid is assumed. In other words, it was considered that all surplus 

electricity produced by the PV could be feed into the grid at the time of the day. This comparison reveals that for 

battery installation costs below 270 kWh the BESS is more profitable in contrast with the non-BESS situation. 

 

Figure 4.1: Influence of installation cost on optimal solution for base case. 

Another important parameter is the amount of time that the battery is used to fulfill home electricity demand. This 

time is around 10% with BESS installation of 350 €/kWh and increase to 34% for an installation cost of 100 €/kWh 

as shown in Figure 4.2.  

 

Figure 4.2: Time feeding electricity to the house. Annual electricity bill saving of BESS compared to non-BESS. 

4.2  EFFECT OF PV PRODUCTION SENSIBILITY 

The model was simulated using three different annual electricity production in three different locations in Sweden, 

as described in section 2.4  The results of simulations show that the location has almost a neglectable influence 

over the optimal battery capacity (less than 1%). This pattern is observed by either considering a flat price tariff, an 

optimal battery capacity of 2.25 kWh, or a TOU tariff, an optimal battery capacity of around 3.65 kWh, as shown in 

Figure 4.3 and Figure 4.4. The latter values are valid for the DHC house electricity demand. The HPU house electricity 

demand follows the same trend. 
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Figure 4.3: Optimal Battery Capacity for Malmö, Stockholm and Gävle DHC electricity demand, BESS installation cost of 250 
€/kWh. 

 

Figure 4.4: Optimal Battery Capacity for Malmö, Stockholm and Gävle HPU house electricity demand, BESS installation cost of 
250 €/kWh. 

The calculation of annual electricity bill shows different values for each location. However, the annual savings of 

BESS in contrast with non-BESS do not vary more than 1% as shown in Table 4.3. 

Table 4.3: Optimal solution of electricity bill and saving of BESS in contrast with non-BESS. For DHC house electricity demand 
and flat tariff. 

Location Malmö Stockholm Gävle 

Annual Electricity bill [€/year] 226.1 266.2 279.9 

Saving of BESS / non-BESS [%] 9.6 8.7 8.5 

4.3  SELLING ELECTRICITY PRICE SENSITIVITY 

The tax benefit associated with electricity selling into the grid is currently 60 €/MWh in Sweden. It was simulated 

the model modifying the electricity price up to 120 €/MWh.  

The results in Table 4.4 shown that the variation of the selling electricity price has no difference in the optimal BESS 

capacity. The calculation of the annual saving on the electricity bill associated with the use of BESS in contrast with 

non-BESS decreases when the price of sold electricity increases. In fact, annual saving is 4% lower for a price of 120 

€/MWh in comparison with the current price of 60 €/MWh. 

Table 4.4: Optimal values over base case for different selling electricity price. 

Selling electricity price [€/MWh] 60 70 80 90 100 120 

BESS Optimal Capacity Qeap [kWh] 2.25 2.25 2.25 2.25 2.25 2.25 

Annual Electricity bill [€/year] 274.6 250.2 225.8 201.4 177.0 128.2 

Saving of using BESS system [%] 0% 0% -1% -2% -2% -4.0% 
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4.4  POWER INTO THE GRID LIMITATION 

The base case limits the feed into the grid power on 2 kW. Simulations increasing this parameter show no effect on 

the optimal battery capacity or electricity bill. Conversely, when the maximum power allowed feeding into the grid 

was reduced higher values of optimal BESS capacity were obtained. Additionally, lower saving on electricity bill of 

having BESS in contrast with non-BESS were achieved. The algorithm determined changes in the optimal values from 

grid power limitations below 1.8 kW. 

4.5  ELECTRICITY DEMAND SENSIBILITY 

This analysis considered two different electricity demand patterns as is described in section 2.3 : DHC household 

electricity demand and HPU household electricity demand. It is relevant to consider that depending on the demand 

the electricity price changes. In Sweden, customers of HPU household electricity demand have considerable lower 

cost around 130 €/MWh. The customers of DHC household electricity demand have prices around 180 €/MWh. 

Results of Figure 4.3 and Figure 4.4 indicates that the electricity demand is a factor on the optimal capacity 

determined by the algorithm. The relevance of this influence varies depending on tariff scheme utilized. For flat 

tariff scheme, the influence is low, and the household with higher electricity demand (HPU) present a slightly 

smaller BESS optimal capacity, 2.02 kWh versus 2.24 kWh. 

On the other hand, the simulation using TOU scheme indicates a significant difference on the optimal value of 

battery capacity. The DHC household electricity demand has an optimal of 3.67 kWh, in contrast with 4.63 kWh for 

the HPU household electricity demand. 

4.6  BATTERY SCHEDULING PATTERN 

This section described the optimal charge/discharge battery pattern proposed for the BESS operation. Battery 

scheduling pattern depends on the season that is considered and the electricity tariff scheme. The proposed pattern 

are shown in Figure 4.5 to Figure 4.8. 

During summer months and for a TOU tariff the scheduling pattern is proposed in Figure 4.5: 

 From 6:00-9:00, there is PV surplus production so one fraction of the electricity fulfils house electricity 

demand and the rest is stored. 

 From 9:00-14:00, PV surplus production so one fraction of the electricity fulfils house electricity demand, 

one part is stored and one part is sold into the grid. 

 From 14:00-17:00, no there is PV production and all the surplus is stored. 

 From 17:00-21:00, there is not PV surplus. House electricity demand is fulfilled by battery charge avoiding 

buying electricity on peak time.  

 From 22:00-5:00, there is no PV production, and the house electricity demand is fulfilled by the grid. Battery 

charge remains equals. 
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Figure 4.5: BESS operation during a summer day, TOU tariff. 

During winter months and for a TOU tariff the scheduling pattern is proposed in Figure 4.6: 

 From 1:00-5:00, it is used only the grid for household electricity demand. 

 From 5:00-8:00, battery is charged from the grid. Household electricity demand is also fulfilled by the grid. 

 During 8:00-18:00, the battery state does not operate, and household is feed by the grid. The low PV 

production is used to house electricity demand. 

 From 18:00-24:00, the household demand is feed from the battery and also from the grid. The electricity 

power consumption from the grid is lowered by avoiding high prices. 

 

 

Figure 4.6: BESS operation during a winter day, TOU tariff. 

During summer months and for a flat tariff the scheduling pattern is proposed in Figure 4.7: 

 From 5:00-12:00, there is a surplus of PV generation, and this is used for household electricity demand, for 

charging the battery and sold into the grid.  

 From 12:00-16:00, a fraction of electricity is sold to the grid, and the other fraction of the surplus is stored. 
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 From 16:00-18:00, some fraction of PV production is stored. Part of the house electricity demand is fulfilled 

by the grid. 

 From 18:00-22:00, the battery is discharged to home demand but also a small fraction is fulfilled by the 

grid. 

 From 22:00-5:00, there is no PV production, and the house electricity demand is fulfilled by the grid. Battery 

charge remains equals. 

 

Figure 4.7: BESS operation during a summer day, flat tariff. 

During winter months and for a flat tariff the following scheduling pattern is proposed in Figure 4.8: 

 From 8:00-10:00, the PV production is used for house demand and battery charge. Most of house electricity 

demand is fulfilled by the grid. 

 From 10:00-14:00, no electricity is bought from the grid, the PV electricity surplus is stored. 

 From 14:00-18:00, the house electricity demand is fulfilled by the grid 

 From 18:00-19:00, battery is discharged for house electricity demand. Some part of electricity demand is 

also fulfilled by the grid.  

 From 20:00-8:00, household electricity demand is fulfilled by the grid. The BESS does not operate. 
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Figure 4.8: BESS operation during a winter day. Flat tariff. 

4.7  PRICE OF ELECTRICITY BOUGHT 

The price of the electricity bought from the grid was varied from the current 180 €/MWh to 230 €/MWh, price valid 

from a DHC household electricity demand. This rise represents a 27% increase, similar to the price variation that 

electricity price has experienced in the last decade in Sweden [34]. 

Results shown in Table 4.5 indicate that BESS optimal capacity remains equal on 2.25 kWh until it reaches an 

electricity price of 200 €/MWh. For an electricity price of 200 to 230 €/MWh the optimal BESS capacity is 5.75 kWh.  

The electricity bill analysis indicates that the saving BESS in contrast with non-BESS raises from 0%, at an electricity 

price of 180 €/MWh, to 5%, at an electricity price of 230 €/MWh.  

Table 4.5: Optimal BESS capacity depending on electricity prices from the grid. 

Location Malmö 

Heating device DHC 

Pricing scheme Flat 

Battery Price [€/kWh] 250 

Selling price [€/MWh] 60 

Buying price [€/MWh] 180 195 200 230 

Qeap [kWh] 2.25 2.25 5.76 5.76 

Annual Electricity bill [€/year] 274.6 305.1 315.0 357.2 

Saving of BESS system  0% 1% 1% 5% 

 

4.8   ELECTRIC VEHICLE (EV) INFLUENCE 

It was simulated the effect of adding to the household electricity demand the daily charge associated with an EV. It 

is considered that annually the EV travel 15 000 km and it has an efficiency of 6.67 kWh/km. These conditions deliver 

an annual electricity demand of 1950 kWh. This number is added to the initially proposed household electricity 

demand using two scheme: 



CHAPTER 4  PAGE 28/36 

 
 

• 5.4 kWh divided on 5 hours, from 17:00-21:00. This scheme considers a flat tariff where the customer has no 

incentive on charging the EV during night time. 

• 5.4 kWh divided on 5 hours, from 00:00-05:00. This scheme considers a TOU tariff where customer or HEMS set 

the charging on off-peak price zone. 

The results shown in Table 4.6 indicates that the addition of EV demand to the electricity demand of the 

household generates significant variations on the optimal results. 

 

Table 4.6: Optimal solutions for household with EV electricity demand, BESS cost of 250 €/kWh, PV production of Malmo. 

Electricity Demand household DHC+EV DHC+EV HPU+EV HPU+EV 

Tariff scheme Flat TOU Flat TOU 

Qeap 2.25 8.16 7.02 8.57 

Annual Electricity bill [€/y] 625.0 572.7 1115.4 1250.6 

Saving of BESS system 0% 15% 7% 10% 

 

The case DHC+EV and a flat electricity tariff price was the only case were no differences on the optimal values were 

found. The other 3 cases, indicates that the addition of EV increases the BESS optimal capacity and the saving of 

having a BESS in contrast with non-BESS. 
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5  
Discussion 

This Chapter contains the analysis and discussion of the results described in Chapter 4. 

5.1  PROFITABILITY OF BESS 

The profitability of BESS under the proposed HEMS algorithm is mainly controlled by two variables: the BESS 

installation cost and electricity demand. Considering the current electricity prices and flat electricity tariff in 

Sweden, the system becomes profitability for installation costs lower than 270 €/kWh. A TOU electricity scheme 

improves the profitability of BESS. The actual cost for high-performance battery technologies, as nickel manganese 

cobalt technology (NMC) used on Tesla Powerwall II,  are currently much higher 270 €/kWh. However, battery 

market has all kinds of technologies and prices which imply that not a fixed value should be used in the analysis. 

The installation cost is also crucial considering that is one of the parameters that is expected to have the higher 

variations in the future, reducing about 60% by the year 2030. This reduction configures a promising future in the 

short and midterm for the use of BESS and HEMS in Sweden. 

5.2  SEASON OF THE YEAR 

The optimal charge-discharge scheduling of the BESS changes importantly along the year. In spite that either in 

summer or in winter a high SOC of the battery is reached in every cycle, the means for charging the battery is 

modified. On summer season, the PV electricity production can fulfil house demand, charge the energy and sell to 

the grid during many hours of the day. Later, the stored electricity is used when the household has higher electricity 

demand (around 18:00-19:00), or in off-peak electricity price zone. 

During the winter season, the BESS scheduling is different depending if the electricity tariff is flat or TOU. For the 

flat tariff, it is proposed to use the PV production during the 10:00-14:00 for house electricity demand but also 

charging the battery. After this time the house electricity demand is fulfilled by the grid, and the energy on the 

battery is sold to the grid. For a TOU tariff, the battery is charged from the grid in the off-peak period and later used 

in the on-peak period after 18:00. 

5.3  MARKET SOLUTIONS 

Battery market presents a wide variety of technologies and chemistries. This study considered a high-performance 

BESS with more than 15 000 life cycles. A battery with lower performance could modify the results of this study 

importantly.  

Leading battery brands as Tesla Powerwall, LG Chen or Toshiba Scib offer standardized battery capacities units. These 

standard sizes in some cases are higher than required for the study case in Sweden. The usual batteries capacities 

offered by these manufacturers are 3.3, 5, 7.5, 10 and 12.5 kWh. These values are higher than required in all the 

cases analysed for a household with a flat tariff in Sweden. These leading brands have been working on BESS with 
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a HEMS logic of operation.  For instance, the 7.5 kWh and 13.5 kWh versions of Tesla Powerwall, includes a HEMS 

software in the BESS. 

5.4  ELECTRICITY PRICES 

The price of electricity bought from the grid is a critical parameter on the results. A rise of only 11% on the actual 

prices in Sweden (DHC household electricity demand and price), delivers a BESS optimal capacity more than double 

than the case with the current price. The former effect is relevant considering that electricity prices in Sweden are 

expected to raise on the following years as it has been the last decade. 

On the other hand, an increase in the electricity price of sold electricity into the grid did not modify the BESS optimal 

capacity but reduced the profitability of the system. The selling electricity prices do not consider a green certificate 

or any other type of price incentive. The main reason for this consideration is that most of small scale residential 

producers do not own a green certificate to trade in the market. Moreover, in Sweden, this sort of renewable energy 

price incentives have decreased in the last few years and are expected to disappear in a short future [27] 

Additionally, Figure 4.2 and Figure 4.3 indicate that the tariff scheme has a significant influence on the optimal 

battery size and the final annual electricity bill. Regardless of the electricity demand, the optimal battery capacity 

increases for a TOU tariff scheme and also the profitability of the system. 

5.5  ELECTRICITY DEMAND 

The optimal BESS capacity and its profitability do not depend solely on the amount of electricity demand. 

Conversely, it has to be considered the electricity demand allocation during the day, and the electricity price scheme.  

The house with higher electricity demand (HPU household electricity demand), presented low profitability index 

when a flat tariff is considered. The used of a TOU tariff improves this profitability index in about 5%.  The house 

with lower electricity demand (DHC household electricity demand)) presented even much higher optimal BESS 

capacities and profitability when a TOU was simulated. In this case, the use of a TOU electricity tariff improves the 

profitability of the system about 8-9%. 

5.6  PV PRODUCTION 

The three selected locations with three different PV production patterns did not show significant variations on the 

optimal BESS capacity of saving on the electricity bill. The three selected location are distant geographically and 

represent adequately irradiance index in Sweden. However, the average annual production does not differ more 

than 11% between two of the selected cities, as maximum. This factor is vital for explaining the low influence of 

location on the optimal battery capacity. 

5.7  ELECTRIC VEHICLE (EV) 

The effect of adding to a household electricity demand the EV daily charge is that in the four analysed cases the 

savings of electricity bill of BESS in contrast with non-BESS were increased. The optimal BESS capacity is only 

modified for the household with DHC household electricity demand and a flat tariff. This result is relevant 

considering the expected mass market adoption of this technology for the next decades. An expected stock of EV 

of 10-20 millions of units by the year 2030 and 40-70 millions of units by the year 2040 [35]. Efficient EV charging 

strategies are essential for avoiding stress on the electric grid, and according to the results, the use of residential 

BESS could be included in these strategies. 
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6  
Conclusions 

This research developed a novel algorithm for optimizing the BESS parameters basing the design on a HEMS logic. 

Electricity prices, PV production and electricity demand in Sweden were used in the simulations. The results indicate 

that factors as household electricity demand and allocation during the day, electricity price, and tariff scheme are 

the critical variables to consider in the design of a BESS. 

In spite, that optimal BESS obtained is within the available battery market offer, some of the standard residential 

BESS units of leading manufacturers are larger than necessary. For all the cases considering a BESS installation cost 

below 270 €/kWh generates saving on the annual electricity bill. 

The addition of the daily charge of an EV to the household electricity demand generates better saving on the 

electricity bill when using BESS in contrast with non-BESS. The massification of this technology facilitates the 

inclusion of BESS and accelerate the price drop. 
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7  
Future Work 

This Chapter presents suggestions of topics related to this research that can be investigated more deeply: 

• Location 

The simulation used electricity prices, electricity demand and PV production in Sweden. A propose future work is 

to simulate for conditions in other countries and check how the optimal battery capacity is adjusted. 

• Battery degradation 

This model used a general constraint for battery degradation assuming a life cycle of 15000 for the NMC battery 

technology. The influence of the number of cycles of charge and operational strategies could be studied furtherly. 

• Simulation Horizon 

A simplification of this model consists of using a bimonthly electrical demand and PV production. A higher amount 

of variables turned the model into an infeasible. This issue could be studied further, for instance, performing a high 

number of simulations that allows more data into the model. 

• PV electricity production 

This study considered a fixed electricity production for each location. The influence of a stochastic approach could 

be considered. 
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APPENDIX A  
Electricity Power Demand 

This appendix describes in detail the modelling and calculation of the hourly electricity power demand. In Andersen 

et al. [10], it was modelled electricity consumption profile for different appliances and the contribution to the annual 

household consumption. The statistic used for the construction of the model were based on meter-data from about 

4500 representative customers (covering all categories of customers in Denmark). The proposed formulation is 

shown in Equation 13 and 14. 

𝑐𝑡
𝑖 = (∑ 𝑎𝑑

𝑖

𝑑

𝐷𝑑,𝑡) (∑ 𝑎𝑑,𝑚
𝑖

𝑚

𝐷𝑚,𝑡) (∑ 𝑎𝑑,𝑚,ℎ
𝑖

𝑚

𝐷ℎ,𝑡) (13) 

𝐶𝑖 = 𝑐𝑡
𝑖
 𝐶𝑦𝑒𝑎𝑟

𝑖  (14) 

 

Where t has an hourly resolution of 8760 h per year; and 𝐷𝑑,𝑡 , 𝐷𝑚,𝑡 , 𝐷ℎ,𝑡 are binary variables. 𝐷𝑑,𝑡, are two variables 

representing work and non-workdays, 𝐷𝑚,𝑡 are 12 variables representing the months of the year and 𝐷ℎ,𝑡 are 24 variables 

representing the time of the day. 𝑎𝑑
𝑖, 𝑎𝑑,𝑚

𝑖 , 𝑎𝑑,𝑚,ℎ
𝑖 are coefficient that shape the individual curves. 

Later, for a given hour of a year it is obtained the index 𝑐𝑡
𝑖 which is multiplied by the total appliance consumption during 

the year 𝐶𝑦𝑒𝑎𝑟
𝑖, given the hourly consumption 𝐶𝑖. 
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Table 7.1:  Yearly consumption for appliance [9]. 

Type of Household Annual Average 

demand [kWh] 

Electricity Demand on appliances 

[kWh] 

DHC demand 4100 

Heating 0% 

Cold Appliances 17% 

Washing 9% 

Other Appliances 74% 

HPU demand 8400 

Cold Appliances 8% 

Heating 52% 

Washing 8% 

Other Appliances 32% 

 

The total consumption for appliance during the year is calculated with data shown in Table 7.1.  The total annual 

consumption corresponds to the average consumption of a detached household inhabit by a single-family house, 

with children. 



PO Box 823,  SE-301 18 Halmstad
Phone: +35 46 16 71 00
E-mail: registrator@hh.se
www.hh.se

FG.


